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PRODUCING CHLORINATION.GRADE FEEDSTOCK FROM DOMESTIC 
ILMENITE-LABORATORY AND PILOT PLANT STUDIES 
By G. W. Eiger, 1 J. B. Wright, 2 J. E. Tress, 2 
H. E. Beii,2 and R. R. Jordan 3 
ABSTRACT 
The Bureau of Mines investigated the conversion, at both laboratory 
and pilot plant scale, of a low-grade ilmenite to chlorination-grade 
feedstock that could substitute for imported rutile used to produce 
titanium tetrachloride. The concentrate was derived from the Tahawus, 
NY, lode deposit of ilmenite-magnetite in rock that contains anorthosite 
and gabbro. 
Charges of the ilmenite concentrate, containing 46.6 wt pct Ti0 2 
blended with soda ash, were carbothermically reduced in an electric arc 
furnace, which separated most of the iron and left a high-titanium slag. 
However, the slag contained Ca, Mg, and Mn constituents that rendered 
the material unsuitable for continuous chlorination by causing plugging 
problems. After being ground and pelletized, the slag was reacted with 
S02 and air at 700 0 to 900 0 C, which selectively converted the harmful 
impurities to soluble compounds that were removed in a subsequent water 
or dilute HCI leach. 
In laboratory tests, the combined levels of harmful impurities were 
decreased from 5 to as low as 0.5 wt pct in leached slags. In pilot 
plant tests, leached slags sulfated at a rate of 10 lb/h averaged 85.5 
wt pct Ti0 2 with pertinent impurity levels averaging 1.86 wt pct. The 
leached slag was successfully chlorinated in a laboratory fluidized-bed 
reactor at 950 0 C to extract titanium as TiCI4. 
IGroup supervisor (supervisory research chemist). 
2Chemical engineer. 
3Metallurgis t. 
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2. 
INTRODUCTIOr-l" 
The United States depends upon imports 
to supply most of the rutile and up to 70 
pet of the ilmenite and titanium slag re·_· 
quirements for the manufacture of Ti0 2 
Dlgments, titani um metal, and weld i ng rod 
coatings (1) . 4 To help assure an ade-
qL!ate supply of tit anium rmv materials 
to meet national economic and strategic 
needs , the Bureau of Mines undertook re-
search to devise new technology that 
efficieQtly and economically recovers 
titanium from the abundant low-grade 
titaniferous macerlals in massive rock 
depoeits. 
Approximately 92 pet of the titanium 
raw materials consumed is used in t.he 
dom~stic production of Ti02 by either 
chloride or sulfate process technology . 
The other 8 pct is consumed in producing 
titanium metal and other p r oducts. Sul-
fate process plants, which produce less 
than 30 pct of the Ti0 2 , are based on the 
dissolution of ilmenite and/or titanium 
slag in sulfuric acid. Iron sulfate is 
separated by crystallization, and the re-
maining solution is diluted to precipi-
tated hydrated Ti02, which is calcined to 
Ti0 2• Chloride process technology , which 
is environmentally cleaner and generates 
less waste materials than the older sul-
fate process, accounts for more than 70 
pct of the domestic production of Ti02_ 
In chloride process plants, rutile or a 
sutstitute feedstock such as ilmenite is 
reacted with chlorine and coke under re-
ducing conditions in fluidized-·bed reac-
tors operating at 950 0 to 1,150 0 C to 
produce TiCI4. The crude TiCl4 is puri-
fied and either oxidized to Ti02 or re-
duced to titanium metal by reaction with 
magnesium or sodium. 
Although titanium- bearing minerals are 
found in sand-- and rock-type deposits 
throughout the world, the current demand 
for titanium rmoJ materials to produce 
Ti0 2 and titanium metal by chloride pro-
cess technology is primarily satisfied by 
two mineral sand concentrates (2) rutile, 
which contains about 95 wt pct Ti0 2 , and 
4Underlined numbers in parentheses re-
fer to items in the list of references at 
the end of this report . 
ilmenite (FeO'·Ti0 2), which contains more 
than 55 wt pct Ti0 2• The United States 
has only limited reserves of these tita-
nium minerals in sand deposits (1), but 
has abundant quantities of lower grade 
i lmenite and other titaniferous minerals 
in massive rock deposits, as shown in 
f i gure 1. Unfortunately. these lower 
grade titanium raw materials contain Ca , 
Mg, and Mn oxide impurities that render 
them unsuitable as feedstock for cont i n -
uous chlorination in fluidized-bed reac-
tors . The troublesome impurities form 
high-boiling-point liquid chlorides, 
which accumulate to form solid masses 
~'Tith the c·::>ke and mineral particles in 
the bed and eventually cause loss of flu-· 
idization in the react or . 
The selection of chlorination feedstock 
used to p r oduce TiCl 4 is dependent on 
several factors, including cost, avail-
ability, Ti0 2 content; and impurity lev-
els o With increased consumption of ru-
tile in TiC14 production, the price of 
the concentrate has risen from about 
$45/st in 1961 to $490 in 1985 (1); only 
about $100/st of the increase was due to 
inflation. l'Ioreover, world reserves of 
rutile are limited. To minimize feed-
stock costs, one major domestic Ti02 pro-
ducer chlorinates an ilmenite-rutile-
leucoxene feedstock that contains about 
62 wt pct Ti0 2 _ Direct chlorination of 
ilmenite generates large quantities of 
iron and other metal chloride wastes 
that present potential disposal and 
pollution problems. Rutile chlorination 
FIGURE 1, . Titanium deposits in the United State s_ 
gene rates 0 . 12 s t of waste where as il-
menite chlorination generates about 1.5 
st of waste for each ton of TiC1 4 pro-
duced (4) . In all instances , chlorlna-
tion feedstock must contain relatively 
low levels of impurities that inhibit 
continuous operation . The upper limit 
for these impurities in chlorination 
feedstock is reported to be 1.0 wt pct 
MgO and 0 . 2 wt pct CaO (5)" 
Increasing costs of rutile and concerns 
a bout me tal chlorid e wastes have prompted 
s eve ral domestic TiC1 4 producers to im-
port cheaper nonrutile raw materials, 
containing 85 to 92 wt pct Ti0 2 , that 
have been upgraded from ilmenite sands 
according to the four principal processes 
described by Kahn (4) . Three of these 
processes involve solid-state reduction 
of iron oxides in ilmenite to either fer -
rous oxide or metallic iron, followed by 
acid leaching or oxidizing the iron prod-
uct from the Ti0 2• The resultant product 
is known as synthetic rutile or upgraded 
ilmenite . In the fourth process, ilmen-
ite concentrate is carbothermically re-
duced using a coal reductant in an elec-
tric arc furnace to separate most of the 
iron as salable pig iron and to produce 
titanium slag. Richards Bay Minerals in 
the Republic of South Africa produces 
about 440,000 tons per year of 85-wt-pct-
Ti02 slag from ilmenite concentrate from 
beach sands. It is reported to be suit-
able for either chloride or sulfate pro' 
cess Ti02 manufacture (4). 
To date, no viable process has been de-
veloped to produce suitable feedstock for 
fluidized-bed chlorination from low-grade 
titaniferous rock materials. In Canada, 
Quebec Iron and Titanium Corp. (QIT) em-
ploys an electric arc smelting process 
(~) that converts Allard Lake Ilmenite 
rock concentrate grading about 35 wt pct 
Ti0 2 to pig iron and about 900,000 tons 
per year of slag that contains approx-
imately 72 wt pct Ti02, 13 wt pct FeO, 
with 6 wt pct CaO + MgO and 0.2 wt pct 
MnO impurities. QIT slag, with its rela-
tively high level of harmful impurities, 
is used mainly as feed in sulfate process 
Ti0 2 manufacture. Bureau investigators 
(7) evaluated 18 domestic titaniferous 
materials by electric arc smelting to 
produce metallic iron and titanium slags 
fo r TiC1 4 production. 
the resulting slags 
ity levels too high 
chlorination. 
3 
They f ound that 
contained impur-
for continuous 
To meet a need to enhance the utiliza-
tion of domestic titaniferous rock mate-
rials as sources of chlorination feed -
stock for TiC1 4 production, the Bureau 
developed a sulfation-leaching technique 
to decrease the troublesome impurity lev-
els in titanium slag before chlorination. 
In a bench-'''scale investigation, a New 
York ilmenite rock concentrate of about 
46 wt p~t Ti0 2 was upgraded successfully 
to a slag product that contained about 88 
wt pct Ti0 2 • with less than 0.07 wt pct 
CaO, 0.3 wt pct MgO, and 0.03 wt pct MnO 
impurities (8). 
The sulfat'ion-leaching technique in-" 
volves selective conversion of the MgO, 
CaO, and MnO impurities in titanium slag 
to water-soluble forms by reaction with 
S02-02 mixtures in the presence of a sul-
fation promoter. After cooling, the sul-
fated slag is ground, and the ground 
material is leached in either water or 
dilute RCl solution to remove the solu-
ble impurities. Effective conversion of 
MgO and MnO constituents in the slag to 
rutile is dependent on the oxidation of 
the major titanium-bearing phase having 
the pseudobrookite-type structure (9-10). 
The pseudobrookite-type phase forms--in 
slag smelted at low 02 partial pressures 
and contains impurities such as Fe, Mg, 
Mn, and Al, which substitute for diva-
lent and trivalent titanium oxides (ll). 
When Ti203 and TiO are oxidized to Ti02, 
the pseudobrookite-type structure is con-
verted to rutile, which has a low solu-
bility for the above impurities (12). 
Results of previous bench-scale tests 
indicated that efficient impurity sulfa-
tion depends on the presence of a sulfa-
tion promoter in titanium slags of low 
iron content (13). The mechanisms of the 
sulfation reactions and the role of the 
promoter were beyond the scope of the 
present investigation. It was found that 
additives such as soda ash and sodium 
sulfate promoted impurity sulfation 
(ll). Subsequent testing demonstrated 
that soda ash could be added with the il-
menite charge in the smelting step, where 
the additive lowered the viscosity of 
4 
titanium slags having FeO contents below 
6 wt pc t . I n commercial smelting of ll-
menite , 10 to 13 wt pct FeO is left in 
t he slag to prese r ve fluidit y. Because 
t i tanium slags with less than 6 wt pct 
Fe O re s ponded most satisfactorily to im-
purity sulfat i on, s oda ash was added with 
t he i lmen i t e - c oke char ges to maintain 
slag flu i dity in t he absence of the 
h i gher Fe O content . A pha s e diagram of 
the Na20- Ti02 system suggests that slag 
containing about 6 wt pct Na20 exhibits 
a liquidus temperatur e of approximately 
1,575 0 C (14 ) . Previous investigators 
reported tha t soda ash reduces the slag 
viscosity and decreases the electrical 
energy requ irements for smelting ilmenite 
(5) • 
-This report discusses the res ults of 
bench-scal e tests mad e to produce a po-
tential chlorination- grade titanium slag 
f rom a Tahawus ilmenite concentrate de-
rived from a massive rock deposit mined 
in New York State. Figure 2 shows a 
schemat i c diagram of the overall process, 
including the chlorination of slag to 
produce TiC14 . Ilmenite charges blended 
with coke and soda ash were smelted in 
an elecLric arc furnace to remove most 
of the i ron a s me t all i c i ron a nd to pre -
pare slags with different FeO levels for 
sulfation-leaching tests. Pelletized and 
ground slag charges blended with and 
without an Na2S04 addit i ve were reacted 
with equal proportions of S02 and 02 . 
Three series of static-bed tests were 
performed to determine the effects of FeO 
c ontent of slag , sulfation temperature 
LYl slog I 2 • 
Smelti ng I '{lO 
ron 
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FIGURE 2. - Processing of dmenite. 
and time, and Na2S04 addition on the im- -
purity removal from leached slags. After 
cooling , the sulfated slags were ground 
and leached with water or a 1 -~t-pct­
RCl solution to remove the impurities, 
and the Na2S04 was added as a sulfation 
promoter. 
These encouraging results prompted the 
Bureau to investigate processing of il-
menite rock material by electric arc 
furnace smelting and sulfation-leaching 
techniques in pilot-scale equipment. 
This report also discusses the prepara-
tion, treatment, and chlorination of ti-
tanium slag from New York ilmenite, using 
a I - st- capacity electric arc furnace and 
a continuous sulfation reactor operating 
at 10 to 20 lb/h of slag. 
LABORATORY STUDIES 
SMELTING TESTS 
Starting Materi a l s 
TRe ilmenite concentrate used to pre-
pare titanium slag was obtained from a 
massive deposit of primary ilmenite-
magneti t e mine r als in rock containing 
anorthos i te and gabbro . Ilmenite concen-
trate produced from this deposit, located 
near Tahawus, NY, formerly was used as 
feedstock for a domestic sulfate pro-
cess Ti02 plant that closed owing to 
world economic conditions and declining 
markets . This material was selected for 
this investigation because it was repre-
sentative of low- grade titaniferous rock 
material available from the largest do-
mestic titanium reserve. 
The sample of ilmenite concentrate con-
tained 46.6 wt pct Ti0 2 along with the 
oxides of Fe, Mg. Si, AI, and lesser 
amounts of Ca and Mn as impurities, as 
shown by the chemical analysis given in 
table 1. Spectrographic data indicated 
the ilmenite sample also contained trace 
amounts of Co, Ni, and Cu . 
The composition of the Tahawus ilmenite 
is similar to that of Allard Lake il-
menite rock material smelted by QIT in 
TABLE 1. - Chemical composition of 
ilmeni te concentrate 
Const i tuent 
Ti 0 2 ••••••••••••••••••••••••••••• 
Fe O •••••••••••••••••••••••••••••• 
Fe203 · • • ••••••••• • ••• ••• •••••• • •• 
MgO ••••••••••• • ••••••••• • •••••••• 
Si0 2 ••• • ••••••••••••• ••••••••• ••• 
Al 20 3 -·················· · ······· . 
CaO •••••••••••••••••••••••••••••• 
MnO •••••••••••••••••••••••••••••• 
V 205 ••••••••••••••••••••••••••••• 
wt pct 
46 . 6 
35 .7 
12 . 4 






Sorel , Quebec , Canada . Minera logical 
examination of the Tahawus concentrate 
revealed that the ilmenite grains were 
intergrown with magnetite and ferromag-
nesium silicates . Small amounts of the 
accessory minerals garnet; pyroxene , and 
feldspar and trace amounts of pyrite and 
calcite also were present , 
Charge Preparation 
For each smelting charge except one, 
22 . 7 kg of i l menite was blended with 2 . 7 
kg of petroleum coke, 2.0 kg of soda ash, 
and 0 .. 3 kg of bentonite binder . Petro-
leum coke was chosen as the reductant 
because of its high fixed-carbon content 
(89 . 1 wt pct) and low ash (1 . 1 wt pct) . 
The coke provided carbon usually equiva-
lent to 120 to 130 pct of the stoichio-
metric requirement to produce metallic 
iron. In one test , 4.4 kg of petroleum 
coke was used, which was equivalent to 
200 pct of stoichiometric carbon require-
ment. The furnace charge mixtures were 
pelletized wi th ~l1ater on a rotating--disk 
pelletizer, and the 1.5-cm-·diam pellets 
were dried in an oven at 120° C. 
Equipment 
An electric arc furnace with a nomi-
nal capacity of 23 kg and powered by a 
1,000-A single-phase arc welding trans-
former was used for the smelting tests. 
The furnace was equipped with two carbon 
electrodes and a hot-ram carbon-lined 
shell having an inside diameter of 30 cm. 
The furnace normally was operated at a 
5 
curren t of 900 A and 60 V, which provided 
a power input of approximately 55 kW. 
Test Procedures 
Approximately 15 pct of the pel l etized 
charge was placed on the furnace hearth , 
and the electrode tips were moved toward 
each other to start an arc. As soon as 
the charge material melted and formed a 
molten pool , the electrodes were moved 
farther apart. The remainder of the 
charge was added continuously at a rate 
of approximately 0.3 kg/min. When the 
enti r e charge was melted and a bath tem-· 
perature of 1 , 575° to 1 , 650° C was at-
tained , the contents of the furnace were 
tapped into a slag pot . After cooling, 
the slag and metal were separated, and 
the slag was ground and sampled for chem-
ical analyses . 
Resulcs 
Chemical analyses of 10 separate slags 
produced with different FeO contents dur-
ing the smelting tests are shown in table 
2. The FeO content of these slags ranged 
from 3.3 to 14.9 wt pct . The slag sam-
ples ccntained combined leve ls of CaO, 
MgO , and MoO impurities near 5 wt pct, 
well above the acceptable levels for 
chlorination feedstock . 
TABLE 2, . ... Partial chemical analyses 
of titanium slags smelted from low-
grade Tahawus ilmenite concentrate 1 
-
Constituent, wt pct 
Test Total FeO CaO MgO MoO Na20 
Ti 
1 • • 39 . 4 14.9 0.81 3 . 66 0.53 4.22 
2 •• 5 1. 6 3 . 29 1.15 3.60 . 37 2.16 
3 •• 47 . 8 4.35 . 85 3 . 65 . 44 2 . 30 
4 •• 45.1 5.79 .57 2.52 .34 6~54 
5 •• 36.2 11.40 .55 3.02 .48 9.60 
6 •• 47.1 5.29 .60 3.57 .36 5.14 
7 •• 48.2 4.97 .71 3 . 55 . 39 4.26 
8 •• 47.3 4.40 .84 2.98 .27 3.28 
9 •• 44.9 5.96 .59 3.48 .43 5.35 
10 •• 47 . 1 4.73 . 71 3.33 .43 4.00 
lSulfur content ranged from 0.6 to 0.9 
wt pct. 
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SULFATION STUDIES IN A STATIC BED 
Three series (A) B, and C) of sulfation 
tests were performed to convert the CaO, 
MgO, MuO, and Na20 constituents in tita-' 
nium slag to soluble forms using S0;r-'02 
mixtures. For the three series of tests, 
the operating conditions investigated in-
cluded sulfation temperature and time, 
proportion of Na2S04 added as a sulfation 
promoter, and FeO content of slag. Slags 
from smelting tests 2 and 3 were used for 
series B and A, respectively, to provide 
-3. sufficient number of charges for sulfa-
tion. Slags containing from 3.3 to 14.9 
wt pct FeO from the eight smelting tests 
were used for series C. 
Charge Preparation 
The Na2S04 promoter and the slags from 
all smelting tests listed in table 2, ex-
cept heats 7 and 8, were ground sepa-
rately to pass through a 65-mesh screen. 
Each ground slag was blended with 1 
wt pct bentonite as a binder, and 0 or 
10 wt pct Na2S04 was added. Each blended 
charge was pelletized with water on a 
disk pelletizer. Minus 10- plus 20-mesh 
pellets prepared for series A and 0.6-
cm-diam pellets prepared for series Band 
C were dried in an oven at 110 0 C before 
being used. The smaller pellets were 
necessary for use in the smaller reactor. 
Sulfation Tests 
Series A 
The initial series of tests was made to 
study the effects of sulfation tempera-
ture and time on the formation of soluble 
impurities in titanium slag derived from 
smelting heat 3. This slag was selected 
because it had a composition most closely 
approximating the slag to be used in fu-
ture large-scale work. 
Apparatus 
The 51-mm-diam reactor, shown in figure 
3, was fabricated from clear quartz and 
consisted of two main sections. The pel-
letized charge was contained in the up-




---r~!:'o}4t- Fritted disk 
" 
~ 






FIGURE 3. - Apparatus for slag sulfation In 
series A tests. 
incoming reactant gases were preheated in 
the lower section. 
The charge was supported on a coarSE, 
fritted quartz disk that formed the bot-
tom of a crucible. The crucible, in 
turn, was attached to a ground joint. 
The mating portion of the joint was 
sealed to the reactor inner wall so that 
the gases were forced to pass through the 
fritted disk and, subsequently, the pel-
letized charge. A thermocouple well was 
inserted from the top of the reactor so 
that its tip was buried in the charge. 
A hook also was fitted to the well for 
inserting and withdrawing the charge cru-
cible. Another thermocouple well was in-
serted upwards from the bottom of the re-
actor so that its tip was just below the 
charge support. The annular space be-
tween the well and the reactor wall was 
packed with Berl saddles to improve heat 
transfer and mixing of the incoming rea~­
tion gases. 
The S02 and 02 were metered individ-
ually by means of rotameters. Prior 
to being discharged to the atmosphere, 
exit gases were scrubbed with a caustic 
solution in a packed column to remove the 
S02 and S03 gases. 
The entire reactor was heated elect r i -
cally in a two-'zone tube resistor furnace 
that allowed independent control of the 
temperature of each main reactor section. 
This made it possible to maintain the re-
actant gases at precise temperatures just 
prior to contacting the charge. 
Test Procedures 
Each test in series A was conducted in 
the following manner . A 10-g portion of 
the pelletized mixture was weighed and 
transferred to the charge crucible . The 
crucible was positioned in the reactor, 
and the system was flushed with Ar to 
prevent any premature reaction while the 
reactor was being preheated to the de- ' 
sired temperature. When the temperature 
stabilized , the Ar flow was stopped and 
equal flows of S02 and 02 were started. 
During the test period, the flow rates of 
gases were monitored and maintained at 
110 cm3/min each to provide a minimum 
of 100 pct excess of the stoichiometric 
amount of gases required to sulfate the 
impurities. Reaction temperatures of 
700°, 800°, or 900° C were maintained 
while sulfating slag charges for either 
1/4,1/2, 1,2, of 4 h. At the end of 
the test, the hook on the upper thermo-
couple well was used to raise the charge 
crucible to the upper end of the reactor , 
where the charge was allowed to cool rap-
idly in an atmosphere of a 1:1 mixture of 
S02 and Ar to prevent possible decomposi-
tion of the sulfated products. Subse-
quent testing, however, showed negligible 
differences when the charge was cooled 
in other atmospheres, including air. Af-
ter cooling, the sulfated pellets were 
weighed, ground to minus 65 mesh, and 
sampled for analysis before leaching, 
Series Band C 
Tests in series B were performed to 
determine the effects of temperature, 
time, and proportion of Na2S04 added on 
the formation of soluble impurities in 
slag from smelting heat 2 (table 2). The 
series was conducted according to a par-
t i al factorial de s ign. Temperatures of 
700° and 900° C, reaction times of 1 and 
4 h, and Na2S04 additions of 0 and 10 
7 
wt pc t de f i ned the variables , and a ll 
tests were replicated. 
Series C tests were made to study the 
effects of FeO content of slag and sulfa-
tion temperature on impurity levels in 
leached slags. The eight slags with FeO 
contents of up to 14.9 wt pet contained 
10 wt pct Na2S04 additive and were sub-
jected to sulfation at temperatures of 
700°, 800°. and 900° C for 2 h. 
Both test series were scaled up to 50-g 
charges of pellets, which required the 
use uf a differ ent r eactor than that used 
for series A. The purpose r·Ta,s to deter-
mine if a larger charge of sulfated pel-
lets would exhibit a tendency to form ag-
glomerates in a fixed bed owing to sticky 
reaction products coating the surfaces of 
the pellets. 
Apparatus 
The reactor (fig. 4) used for sulfating 
50-g pellet charges was fabricated from 
clear quartz and was divided at the mid-
point by a slotted support for the pellet 
charge. Each end of the 51-mm-diam reac-
tor tube was fitted wi th a ground joint . 
A gas inlet was provided at the top, 
and an exit tube ~nd liquid trap were 
attached at the bottom. The pelletized 
charge was placed on a bed of quartz wool 
on the slotted support. A tube furnace 
with electrical resistance elements was 
used to heat the sulfation reactor. 
Flowrates of the incoming gases were mea-
sured with rotameters, and the exit gases 
passed through a packed column where they 
were scrubbed with a caustic solution to 
remove S02 and S03. 
Test Procedures 
The following procedure was employed to 
sulfate pellet charges in series Band C. 
A weighed, 50-g portion of the pelletized 
slag charge was loaded into the reactor, 
and the system was flushed with Ar while 
the reactor was heated to the desired 
temperature c When the temperature stabi-
lized, equal volumes of S02 and 02 we r e 
introduced at a total flowrate of 200 
cm 3/min. At the completion of the test, 
the gas flows were stopped, the system 
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FfGURE 4. " Apparatus for slag sulfa .. 
tion in series Band C tests. 
allowed to cool to ambient temperature 
before removal from the reactor. Previ-
ous testing had revealed that the sul-
fated charges could cool in the furnace 
overnight without influencing the leach-
ability of the impurities. After weigh-
ing, the cooled , sulfated charge was sam-
pled for chemical analysis. 
Removal of Soluble Impurities 
The following procedure was utilized to 
determine the percentage of soluble im-
purities formed in sulfated slags during 
the three series of tests . A 5- g sample 
of the ground, sulfated slag was leached 
in 100 mL of a l "'pct-HCI solution with 
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F IGURE 5. - Effect af sulfation temperature and 
time on the su l fur inc rease in titanium s~ag 3 (to. 
ble 2) con taining 10 wt pct No 2 S0 4 add:tive " 
constant s ti r ring for 1 h at ambient 
temperature . In the leaching step , a 
1- wt-pct- HCI solution rath~r than water 
alone was used t o prevent hydroly s is of 
the dissolved constituents in the leach 
liquor s.ampJ.es u sed f o r a nalys es . Mo r e -
over , results indicated that the solubil-
ity of CaS04 was about 7 giL in the HCI 
solution, compared with 2.5 giL in water. 
However, in industrial practice, water 
leaching probably would be preferred be~ 
cause the waste liquor with a pH of ap-
proxima tely 4.5 could be easily neutl'al-' 
ized with limestone. 
The slurry was filtered, and the slag 
was repulped twice for 5-min periods with 
.:!dditional acid" After the final filtra'" 
tion, the leached slag was dried o The 
initial filtrate and wash filtrates were 
measured and combined. Samples of both 
slag and leach liquor were analyzed t o 
determine the percentage of impurities 
removed during the leaching operation. 
Results and Discussion 
For series A, the curves in figure 
5 depict the sulfur incr ease in slag 
charges sulfated at 700°, 800°, or 900° C 
for reaction times of 1/4 , 1/2 , 1 , 2, or 
4 h. The data show that more than 70 pct 
of the i ncr eas e in sulf ur conten t wa s at -
tained during the initial 15-min r eaction 
period a t eac h of t he t emp e r a tures inves-
tigated" The sulfur increase was mea--
sured by comparing chemical analyses of 
slag charges before and after sulfation 
and adjusting for any sulfur added as 
Na2S04" 
The sulfur increase during the 900 0 C 
test closely approximated the sulfur re--
moved from the slag as soluble Ca, Mg; 
and Mn sulfates during the pGstsulfation 
leaching procedure. An examination of 
the three curves indicates that more sul-
fur was contained in the slag charges 
sulfated at 700 0 a nd 800 0 C t han c an be 
accounted for in the sulfation of the Ca , 
Mg, and MD_ impurities . This sugges ts 
that other r.ompounds, such as sodium 
pyrosulfate, may have fo r med at temper-
a tures belmJ 900 0 C. However , X- ray 
diff r action data did not confirm the 






0 - --90-7/6--- - ---- -----:~ 
o --.... -
~- I '" _-\7 80- // _ - - --
0/6 ....--\7 
/ ~ 




6- - -6 800° C 
\7- -\7 700° C 
-
-.i 60 '-----------------------....... 
<! 6 100~--~----~----~--~ 
Na I I I 
~w Q ~ -~----=-:===-=-=:-=:-dJ~ 




0--0900 0 C 
'- 6- --6 800 0 C -
60 1 
\7- -\7700 0 C 
I I I 
0 I 2 3 4 
9 
The effects o f reac tion time and tem-
perature on the removal of indivi dual im-
purities from the l eached slag are shown 
in figure 6 0 The cu rves in this L_gure 
were drawn using a regression analysis 
according tc the g2neral equation y = a 
+ b In x. Typical chemi cal analyses of 
the pertinent impur it i es r emaining i n 
leached slag sulfated at 900 0 C for the 
above reaction times are shown in table 
3 . The increased FeO content of leached 
slag i s due to the removal of the soluble 
impurities . The da ta i ndicate that effi-
cient conve r sion of the h a rmful impur-
ities to leachable forms was achi eved in 
slag charges sulfated at 900 0 C using a 
minimum reaction time of 1/2 h . The sul-
fur constituent was readily r emoved f r om 
a slag charge sulfated for only 1/4 h . 
Examination of the curves in figu r e 6 
reveals that Ca and Na were more easi l y 
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FIGURE 6 •• Effect of reaction time and temperature on the removal of impurities from leached slag 




TABLE 3. "- Analyses of pertinent 
impurities in slag sulfated at 
900 0 C and subsequently leached 
in a 1- wt - pct- HCl solution 1 
Time, Impurity, wt pct 2 
h FeO CaO MgO MnO Na20 
0 . 25 5043 <0.07 0.93 0 .0 6 0 . 40 
,,5 5 ,, 68 < 007 .43 .03 . 22 
1.0 5.48 <.07 <.08 .05 .2 8 
2.0 5.53 <.07 .30 . 03 .12 







1Slag of smelting test 3 contained, in 
wt pct, 4.35 FeO, 0.85 CaO , 3.65 MgO , 
0.44 MnO, and 2.3 Na20. 
2Shown as oxide equivalents , except 
for S. 
than 1/4 h were sufficient to convert the 
compounds of these two elements to solu-
ble forms . Compounds of Mn were less 
easily removed unless more time and 
higher sulfation temperatures were used. 
The data indicate that sulfating slag at 
8000 or 900 0 C for at least 2 h was 
needed to achieve nearly complete Mn re-
moval . Magnesium compounds were the most 
difficult of the impurities t o remove . 
Overall imp urity removals were found to 
be directly proportional to sulfation 
temperatures, with a minimum required 
reaction time of 2 h. 
For series B, table 4 summarizes the 
data that show the effects of sulfation 
temperature and time and proportion of 
Na2S04 additive ou the impurity removals 
from leached slag (smelting heat 2, table 
2) . The best overall impurity removal of 
94.2 pct was achieved with leached slag 
sulfated at 900 0 C for 4 h in the pres-
ence of 10 wt pct Na2S04. In the removal 
of the individual impurities, the same 
general pattern as observed in series A 
tests for the Ca and Mg impurities was 
noted for tests in series B. The added 
Na2S04 exhibited the greatest effect on 
increasing the removal of Mn and Na 
compounds. 
Results of the tests in series Care 
shown in table 5. The first six slags, 
which contained 5.96 wt pct or less FeO ~ 
responded the best to sulfation at 8000 C 
and above. The troublesome impurity lev-· 
els in the leached slags of smelting 
tes t s 2 t hr ough 9 (table 2 ) were wel l 
within the upper limits f or acceptab le 
chlorination feedstock . The other two 
slags, which had FeO conten ts of 11 . 4 and 
14.9 wt pct , contained more than 1 wt pct 
MgO and 0 . 1 wt pct MnO and therefo r e 
did not s u lfate a s we l l a s the leached 
products. 
The influence of FeO on impurity sulfa-
t i on in t i tani um slags may be att r i bu t ed 
to the incomplete conversion of the 
pseudobrookite- type s truc t u r e to r u t i le • 
X-ray d i ffract i on and scanning electron 
microscopy data i ndicated that t h e Mg and 
Mn consti t uents in solid solution in the 
pseudo brookite- type phase of sulfate d 
slag did not respond very effectively to 
sulfation. Webster and Br i ght ( 12) re-
ported that s ubstitution of impurity ox-
ides such as those of Fe f or d i va lent a nd 
trivalent titanium ox ides in the crystal 
lattice tends to increase the stability 
of the pseudobrookite phase . Bureau in-
vestigators found that effective conver-
sion of pseudobrookite to rutile was not 
achieved in Sorel slag that contained 
13.3 wt pct FeO, and 20 to 30 pct o f the 
t i t ani um remain ed as ps eudobr ooki t e (10 ). 
The reactions involved in slag sulfa-
tion are comple::-: owing to the par t i -
tioning of the Ca, Mg, Mn, and Na con-
stituents in the pseudo brookite- type, 
NaO.23Ti02 " and silicate-type glass 
phases of slag. The role of the Na addi-' 
tive as a promoter of impurity sulfation 
has not been defined. Basi c studies to 
identify reaction mechanisms and the role 
of the sulfaticn promoter are needed 
to make further improvements in operat-
ing procedures and to provide information 
on design of larger scale sulfation 
reactors . 
No evidence of pellet agglomeration was 
noted when the static-be d sulfation was 
scaled up to 50-g charges . This is sig-
nificant from the standpoint that the 
sulfated pellets do not stick toge t her, 
which would make fu'(-ther scale- up t o con-
tinuous sulfation a difficult operation . 
LEACHING STUDIES 
A series of tests was performed to ac-
qui r e da ta d,a 'i:: w0clld a i d in determi n ing 
TABLE 4 . - Effect of Na2S04 additive and sulf ation t emperature and time 
on impurity r emoval f rom l eached slag l 
Sulfation Sulfation Leached slag analysis, Impurity removal, wt pct 
11 
Test temp, °c time , h wt pct 2 CaO I MgO I MIlO I Na20 I Overall 
CaO I MgO I MnO I Na20 
NO Na2S04 ADDITIVE 
1 •••••••• 700 1 0 . 08 1.81 0 . 09 0.25 91. 7 52. 1 76.9 86.9 72.2 
2 •••••••• 700 1 . 08 1.69 . 08 .34 94. 4 59.4 84.6 87 .3 75 . 9 
3 •••••••• 900 1 <. 07 .95 . 06 .18 >94. 4 74 . 7 84. 6 91. 6 84 . 0 
4 •••••••• 900 1 <. 07 .9 1 . 05 .1 5 >9 4. 4 75 .8 84.6 92.9 85 . 0 
5 •••••••• 700 4 <. 07 1.64 . 09 .22 >9 4. 4 56. 8 76 .9 90. 0 75 . 2 
6 •••••••• 700 4 <. 07 1.66 . 08 .23 >9 4.4 55. 8 84.6 90. 0 75 . 2 
7 •••••••• 900 4 <. 07 .81 . 09 .09 >9 t~. 4 78.7 76.9 95. 7 86.8 
8 •••••••• 900 4 <. 07 . 73 .03 .12 >94.4 80.0 92.3 94.3 87.8 
10 wt pc t Na2S04 ADDITIVE 
9 •••••••• 700 1 0.13 0.93 0.09 0. 63 87.9 75.3 75. 0 90 .6 82 . 8 
10 •••••••• 700 1 <. 07 1. 03 . 05 .31 >93.8 72 . 4 90.9 96. 0 84. 8 
11 •••••••• 900 1 <. 07 . 70 . 04 .27 >93.9 81.6 91.7 96. 2 89.1 
12 •••••••• 900 1 <. 07 . 76 . 03 .24 >93.8 77 .5 90.9 96.1 87 . 1 
13 •••••••• 700 4 <. 07 1. 06 . 05 .26 >93.5 72.8 90.9 96. 6 85.2 
14 •• " ••••• 700 4 <. 07 1. 11 . 04 .27 >93.5 71.6 90.9 96. 4 84 .6 
15 •••••••• 900 4 <.07 .30 . 03 .12 >93.8 91.7 90.9 98.5 94.2 
16 .••••••• 900 4 <.07 .5 1 . 01 . 12 >93.8 86.9 96. 4 98.5 92. 4 
I Slag made fr om ilmenite in smelti ng test 2 contained, in wt pc t , 1.1 5 CaO , 3.6 MgO, 
0 . 37 MIlO , and 2.16 Na20 as pertinent consti t uents bef ore sulf ation. 
2Shown as oxide equivalents. 
TABLE 5 . - Effect of iron content and sulfation temperature on pertinent 
impurity levels in l eached slags 1 
FeO Impur i ty l evels 
con- Slag Impuri ty levels at various sulf ation t emperatures, wt pct 2 befo re 
t ent , test 700 0 C 800 0 C 9000 C s ul f at ion, 
wt pct CaO MgO MnO Na 20 CaO MgO MnO Na 20 CaO MgO MnO Na20 wt pct 2 
CaO MgO MnO 
3 .29 2 NT NT NT 0.23 <0. 07 0.34 0.01 0.22 0. 07 0.50 0.04 0. 38 1. 15 3. 60 0 .37 
4. 35 3 <0 . 07 0 . 53 0 . 04 NT <. 07 .5 4 . 03 .1 4 <. 07 . 52 . 04 .34 .85 3. 65 . 44 
4. 73 10 . 10 . 70 . 05 .31 <. 07 .3 5 . 03 .21 <. 07 .23 <. 01 .32 . 71 3. 33 . 43 
5 . 29 6 NT NT NT NT <. 07 .22 . 01 .47 <. 07 .26 . 01 .16 . 60 3.5 7 . 36 
5. 79 4 NT NT NT NT <. 07 .84 . 05 .62 <. 07 .33 . 01 .38 . 57 2.52 . 34 
5. 96 9 .1 4 1. 03 . 08 NT <. 07 . 70 . 04 .12 <. 07 . 43 . 03 .12 . 59 3. 48 . 43 
11 . 40 5 NT NT NT 1.64 <. 07 1. 48 . 14 .24 <. 07 1.3 1 .1 5 . 18 .55 3. 02 . 48 
14.9 1 <. 07 1.26 . 09 .86 <.07 1. 09 .16 .26 <. 07 1. 06 .1 0 .12 .81 3.66 .53 
NT Not tes ted. 
I Sl ags sulfated fo r 2 h wi th 10 wt pc t Na2S04 additive and subsequently leached with 
1- wt-pct-HCl solution. 
2Shown as oxide equivalents. 
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suitabl e condit i ons for leachi ng the s u l -
f a t ed slags. Of i n t erest we r e (1) dura-
tion of leaching , (2) amount of leach 
liquor used (liquid-solid ratio), and 
(3) type of leach liquor. Slag from 
smelting test 3 was used. 
Charge Preparation 
Sulfated slag for these leaching tests 
was prepared in the following man-
ner . The slag for the sulfation charge 
was blended with 10 wt pct Na2S04 and 
1 wt pct bentonite , and the blended con-
stituents were pe l letized with water on a 
di sk pelletize r to form minus 10-- plus 
20-mesh pellets . The 200- g pelletized 
charge was reacted with e qual proportions 
o f S02 and 02 at 800 0 C for more than 
4 h . The sulfated slag was ground to 
pass through a 35-mesh s creen prio r to 
leaching. 
Test Procedu::es 
Five- gram portions of the sulfated slag 
were leached for periods of 5 to 60 min 
at ambient temperature in beakers, Ei-
ther water or a 1-pct solution of HCI was 
used at liquid-solid ratios 10:1 and 20:1 
by weight. After leaching, the slurry 
was filtered but not washed . The dried 
slag was sampled and analyzed to deter-
mine the percentage of solubles removed o 
Results and Discussion 
The effects of the various leaching 
conditions on impurity removals f~om sul-
fated slag are summarized in table 6. 
TABLE 6 . - Effect of various leaching conditions on impurity removal 
from sulfated slag! 
Leach solution Leach time, Leached slag analysis. Impurity removal, pct 
liquid- solid r a tio min wt pct 2 CaO MgO MnO Na20 
CaO MgO MnO Na20 
1 pct HCI: 
20 : 1 ••••••••••• • •••• • 5 0 . 18 0. 73 0.08 0.77 77 .8 79.3 81.8 88.9 
10 . 11 . 68 .05 u53 86.8 81.4 87 . 9 92 . 7 
15 . 11 .60 . 05 .49 86.8 83.6 87.9 93.2 
30 < . 07 .35 .04 .26 >92.3 91.0 91.7 96.6 
L; 5 < . 07 . 22 .03 .18 >92.3 94.5 94.7 97.7 
60 < .07 .23 .03 .15 >92.3 94.0 94.7 98.1 
10: 1 • • • ••• • . _ ••••••••• 5 .29 1.06 .09 1.08 62.9 69.1 78.0 84.0 
10 .21 .81 .05 .71 74.4 76.9 87.9 89.7 
15 .08 .65 .04 040 90.2 82.3 90.9 94.4 
30 <. 07 .38 .01 .20 >91.9 89.9 97.0 97.3 
45 <. 07 .33 . 01 .18 >91.9 91.3 97.0 97.9 
60 <.07 .35 .01 .19 >91.9 90.9 97.0 97.5 
Water: 
20:1 • •••••.•••• • ••• • . 5 . 29 1.36 .08 1.05 72.7 70.6 86.4 88.4 
10 . 15 . 71 .04 .50 82.1 80.7 90.9 93.1 
15 .08 . 53 .04 .54 90.2 85.8 91.7 92.6 
30 . 08 .38 .03 .28 90.6 90.1 94.7 96.2 
45 < 007 .33 .03 .28 >92.3 91.5 94.7 96.3 
60 <.07 .16 .03 .16 >92.3 96.0 94.7 97.9 
10: 1 ••• •• ••• •••••• • •• 5 .25 . 91 .06 .71 69 . 3 74.2 8408 89.7 
10 .24 .83 .06 .70 71.0 76.7 84.8 89.9 
15 .18 . 68 .05 .54 78.7 81..5 88.6 92.5 
30 .14 .53 . 03 .30 83.8 85.8 93.9 96.0 
45 <.07 .50 .03 .16 >92.3 87.0 94.7 97.9 
60 < . 07 . 28 .03 .16 >92.3 92.7 94.7 97.9 
1 -Slag der~ved from smelting test 3 contained, in wt pct, 0.85 CaO, 3.65 MgO, 0.44 
MnO, and 2 . 30 Na20 as pertinent constituents before sulfation. 
2Sho-.:Jn as oxide equivalents. 
~te da t a ind icate that e xcellent impuri ty 
removals were ach ieved from slag leached 
either in water alone or in a 1-wt - pct-
HCI solution for at least 30 min . 
An examination of the cu rves in figure 
7 shows very lit tle difference in the 
rate of impurity r emoval using different 
proportions and types of leach liquids . 
The utilization of a wa ter leach at a 
l iquid- solid ratio of 10:1 resulted in 
sl i ghtly l ower removals of the Ca and Mg 
solubles , especial l y at t i mes less than 
45 min . The g r aphi c data i n figure 7 i n-
dicate t hat leaching the sulfated slag 
for a minimum of 30 min with either water 
or 1-pct HCI at a liquid- solid ratio of 
20 : 1 , or for 30 min with 1- pct HCI at a 
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least 90 pct of the i mpurit i es , i ncluding 
the promote r added . 
From the standpoint of treat i ng the 
waste streams of a po t ent i al large- scale 
operation, water would proba bly be pre-
fe rred since the water liquor could be 
neut r alized with l i mestone . Waste liquor 
of the water leach of sulfated slag e x-
hibited a pH value of approximately 4 . 5 . 
Acco r ding to spectrographic data , the 
dissolved solids recovered from a sample 
of wast e liquor from water leaching of 
s lag cons i sted of >1 to 10 wt pct each of 
Ca, Mg, and Na; >0 .1 to 1 wt pct each of 
AI , Fe , and Mn ; 0 . 01 to 0 . 1 wt pct each 
of Si , Ti, and Zr; and 0 . 0001 to 0 . 001 
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FIGURE 7. - Effect of various leaching conditions on impurity removal from sulfated slag 3 (table 
2) containing 10 wt pct Na2S04 additive , 
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PILOT PLANT STUDIES 
PREPARATION OF TITANIUM SLAG 
I lmeni te Con centrate 
The ilme ni te concentrate used in the 
pilo t plant studies was the same as that 
u s ed in t he laboratory s t ud ies (table 1) . 
Equipment 
The electri c arc fu rnace employed to 
carbothermically reduce Tahawus ilmenite 
t o separate iron and prepare low-iron 
t i tanium slag was described in a previous 
Bureau publ i cation (7) . Briefly , the 
three- phase ac , 1-st-capacity f urnace was 
powe red by a 1, 000-kV' A t ransformer . The 
furnace was l i ned with carbon brick and a 
rammed carbon hearth rather than with a 
norma l refractory material , such as mag-
nes ite , to prevent excessive contamina-
tion of the molten slag by refractory 
o xides . Carbon was considered a less 
o bject i onable impurity t h an refractory 
oxides i n t itanium s lag . 
Procedure a nd Results 
The submerged- arc smelting procedure 
used by the Bureau differs somewhat f r om 
that used indus t rially to smelt ilmenite 
rock concent rate in Sorel , Canada, and 
ilmeni t e sand concentrate at Richards Bay 
in the Republic of South Africa . In in-
d u s trial operations , 8 to 13 wt pct FeO 
is l eft in t he slag to preserve bath flu 
idity and to fac i litate tapping of the 
molten products from the furnace , In the 
Bureau smelting tests , l ess than 5 wt pct 
FeO was des ired in the slag because the 
low- iron slag r esponded best to impurity 
removal by sulfation- leaching techniques . 
To produce low- iron slag and still 
maintain bath fluidity, small amounts of 
soda ash we r e included in the fu rnace 
charges. The targeted FeO and Na20 lev-
els in the s lag were about 5 wt pct for 
each constituent . Note that, in addition 
to its function as slag conditioner in 
the smelt i ng step, the soda ash additive 
promoted the subsequent sulfation of the 
harmful slag i mpurities (~, 12). Without 
the promoter , only about SO pct of the 
Ca , Mg , and Mn oxide constituents were 
sulfated ( IS). The Na20 in the slag 
forms Na2So; in the s ulfation step . 
Bench-scal e tests showed that S wt pct 
Na20 in t itanium slag is sufficient pro-
moter for impurity sulfation (8). 
For s ubmerged-arc smel ting~ a mixed 
carbon reductant consist i ng of 80 wt pct 
woodchips and 20 wt pct metallurgical-
grade coke was used to ensure uniform 
flow of charge material into the molten 
pool and to maintain charge porosity, 
which aids in the escape of product gases 
from the furnace. The total carbon used 
to carbothermically reduce ilmenite 
charges was e quivalent to 110 to 120 pct 
of s to ichiometric requirements for the 
following chemical react i ons : 
FeO + C + Fe + CO, (A) 
and (B) 
In addition , part of the carbon charge 
requirement was based on producing an 
iron product containing at least 2 
wt pct C. 
~fue experimental submerged-arc smelt-
ing procedure used in the present re-
search was s i milar to that used and re-
ported by previous Bureau investigators 
(I). Each of the six batch smelting 
t e s ts was started with a small amount 
of charge material, free of woodchips, 
placed on the hearth to form a molten 
pool. After a satisfactory pool was 
formed by arcing on the initial charge 
material, the furnace was filled with a 
blended charge of ilmenite, woodchips, 
coke, and soda ash . Additional charge 
was added periodically to maintain a full 
furnace. During the test, bath samples 
were taken on a regular basis and ana-
lyz ed to monitor the FeO and Na20 levels 
in slag . The bath temperature was ad-
justed to bet\'leen 1,625° and 1,675° C be-
fore the power was turned off and the 
products were tapped. Stream samples of 
the tapped iron metal and slag products 
were obtained for complete chemical anal-
y s es. The bath cooled too rapidly t o 
allow most of the quick- freezing sla g to 
drain from the relatively small-scale 
furnace. The remaining slag was removed 
subsequently from the cooled furnace 
to assure smooth arc initiation on the 
hearth in the subsequent test . In indus-
trial operations, where much larger elec-
tric arc furnaces are operated 24 hid, 
the slag-freezing problem would be mini-
mized. In the six tests, approximate-
ly 7.8 st of ilmenite concentrate was 
smelted to yie l d 4 . 4 st of low-iron slag 
and 2.5 st of iron products. Only 2.7 st 
of the slag was tapped; the other 1.7 st 
remained in the furnace, The frozen slag 
that was removed from the furnace hearth 
after each test by means of a jackham-
mer was not used in sulfation-leaching 
experimentG because the product contained 
excessive amounts of cal'bon lining 
material. 
The cooled, tapped slag product was 
crushed to minus 1/4 in, and the crushed 
material was subjected to magnetic sep--
aration to remove iron prills. The 
crushed slag was transferred to a rod 
mill and ground to pass through a 35-mesh 
screen. Approximate ly 2.5 st of c lean , 
ground slag product , freed of iron 
prills, was recovered. The chemical data 
shown in table 7 indicate that approxi-
mately one-third of the titanium con-
tained in the slag was as Ti203 with a 
7-wt-pct combined level of pertinent CaO, 
MgO, and MnO impurities present. 
Table 8 shows that the high-carbon iron 
product contained low levels of silicon 
TABLE 7. - Composition of 3S-mesh, 
ground titanium slag smelted 
from Tahawus ilmenite 
Constituent ~~~ct 
Ti02 •.•...... 0................... 48.4 
T1203_........................... 25.5 
FeO . . . ... .. ..... .. ... . ..... . ... . . 5. 0 
MgO.............................. 5.5 
CaO. . . . . • . . . . . . . . . . • . • • . . . • . . • • • • .8 
MnO. • • • • • • • • • • • • • • • • • • • . • • • • • • • • • .7 
Na 20 ...... 0 • • • • • • • • • • • • • • • • • • • • • • 5. 5 
Al203. .. .. ... ..... .. ... .... ..... . 3 .. 9 
Si0 2 ••••••• " •••• o.......... ... ... 4.0 
s .................. o............. tl7 
TABLE 8 . - Compos iL.cn cf the irc ~-;, 
product derived f ~ 0rn ~3hawriB 
ilmenite concentrate 
Constituent wt pc t 
Fe • ••••••••• ••• ••••••••••••• • • • •• 95 . 6 
C. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 3 . 3 
T1 . . . • • • . • . . . • • . . . . . . . . . . . . . . . . . . . 5 
Si • • • • • • • • • • • • • • • • • . . • • • • • • • • • . • . . 1 
P . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • . 016 
s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 
Other. ........ . ...... . .. ......... . 1 
and phosphorus , but the 0 . 25 wt pet S ex-
ceeded the maximum of 0 . 0 5 wt pet allowed 
in most comme r cial grade s of pig iron . 
The sources of t he S in the iron product 
were the ilmenite, which contained 0 . 7 
wt pct S, and the carbon hearth lining, 
which contained 0.55 wt pet S . Oxidation 
of the ilmenite before smelting could 
help decrease the S level in the iron to 
an acceptable level" 
SULFATION LEACHING OF TITANIUM SLAG 
Backg round 
Slag sulfation reactions a r e complex 
owing to the partitioning of the con-
stituents between the various phases of 
the slag. The data shown in table 9 in-
dicate that titanium slag is composed of 
three major phases--Nao.23Ti02, a pseudo-
brookite-type structure, and an Na-Mg-
Al silicate--and six minor phases, in-
cluding Mg-, Na-Ca-, and Ca·-titanates. 
The pseudo brookite-type structure con-
sists of black, acicular crystaLS that 
are embedded in a noncrystalline , sili-
cate-type glass matrix. These orthorhom-
bic crystals consist of oxides hav~ng the 
following chemical formulas (16); (Fe 2+, 
Mg2+, Mn 2+, Ti 2+)Oo2Ti0 2 and/or (Fe 3 +, 
Al 3+, Ti3+)203·Ti02o Titanium oxides 
ferm two solid·· ·salution series with sev-
eral constituents, including Al, Fe, Mg, 
and Mn, as illustrated by the formulas 
shown above. The above constituents, 
along with Ca, are partitioned in other 
phases, such as in titanates" as shown in 
i:able 9. 
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TABLE 9. - Pha s e s pre s ent i n titania-enriched sla g s melted f rom Tahawus ilmenite 
u sing a soda ash a dd i tiv e , pe r cent 1 
Phas e Phase Element 
i n s lag Na Mg Al Si S Ca Ti Mn Fe 
Na O. 23Ti02 ·········· 10 6 . 8 0 .9 0 . 4 <0 .2 <0. 5 0 . 9 52 . 0 <0 . 2 <0 . 2 
Pseudobrookite •••••• 60 1.2 3.9 1. 5 <. 2 <. 5 .2 5 2. 0 .3 1.9 
Na-Mg- Al silicate •• • 20 14 . 0 2 . 0 16 . 5 20 . 0 . 5 <.2 1.3 . 4 . 3 
Mg t it anate ••••••••• 
1 
. 7 11 .5 . 7 <. 2 <. 5 <. 2 47 . 5 <. 2 . 2 
Na-Ca ti t anate •••••• 11 . 2 <. 5 <. 4 <.2 < . 5 22 . 5 3 1. 2 <. 2 <.2 
Ca ti t anate ••••••••• 
10 
1. 2 <. 5 <. 4 <. 2 < . 5 26 . 2 32 . 5 <. 2 <. 2 
Fe prills ••••••••••• 
J 
<. 5 <. 5 < . 4 <. 2 <. 5 <. 2 <. 5 1.0 82 . 0 
Mn- Fe s u lfide ••••••• 1 . 1 <. 5 <. 4 <. 2 15 . 5 <. 2 2 .1 40 .9 4 . 0 
Na-Mn-Fe ox ide •••••• 6 . 1 < . 5 . 8 1.2 3 . 0 <. 2 <. 5 28 . 0 26 . 0 
1 "- -Phases de·_erm~ned by X ray d~ffract~on analyses, analyses by scann~ng electron 
microscopy us i ng an energy- dispersive X- r ay detecto r are n ormalized semiquant i t at i ve. 
In t he s u lf a tion s tep , the Ca , Mg , Mn , 
a nd Na ox ides in slag r eact s e lec tively 
with S02 and 02 to form water-soluble 
compounds that can be subsequently 
leached from the sulfated slag at ambient 
temperatures . Titanium and iron constit--
uents do not r eact with S02 and 02 to 
form stable sulf a tes at the temperatu r es 
used . Efficient sulfation of impur i ties 
in l ow- i r on s lags by S0 2-air or S0 2- 02 
mix ture s is de pendent u pon the use of a 
promo te r such a s Na2S04 (13 , 15) . The 
e xac t me chan i sms by whi ch t he i mpu r it ies 
are s u lfated and the role of t he sulfa-
tion promoter have not been e s tablished . 
In this investigation , the soda ash , 
which was added in the initial ilmenite 
smelting step to reduce the slag viscos-
i ty . served as the sulfation promoter~ 
When the slag was s ulfated , the Na con-
stituent was converted to a soluble com-
pound . Because Na, l ike Ca, Mg , and Mn, 
is an undesirable impurity i n chlorina-
tion feedstock, the formulation of a 
leachable Na compound during slag sulfa-
tion was essential c 
Use of low- -iron slag is necessary to 
obtain maximum sulfation of slag. The 
impurities, if they remain in the pseudo-
brookite- type st r ucture , do not respond 
to sulfation very well , as discussed lat-
er. Therefore, impurity sulfation is 
facilitated by the conversion of the 
pseudobrookite structure to rutile, which 
has a low solubility for impurities. 
Other Bureau investigators found that 
effective formation of rutile was not 
achieved in Sorel slag that contai ned 
13 . 3 wt pct FeO , and 20 to 30 wt pct of 
the Ti remaine d as ps eudobrook i te (lQ) . 
Equipment 
The ma in components of the continuous 
sulfation r e actor , shown in figure 8 , 
consist of a r otary ki ln and a vert i cal-
shaft furnace u sed to r eact a moving bed 
of slag with mi xed S02 and air in a con-
t i nuous o-perati on. The nearl y horizontal 
kiln c onsisted of a 5- ft - long , 4- in- ID 
stainless steel tube that rotated inside 
a tube furnace heated to 650 0 C by elec-
t r ic re s istance elements . The kiln was 
used to partially oxidize and i ndurate 
the slag pellets before sulfation in the 
s haft furnace . The pellets were fed from 
a charge bin through a rotary valve into 
the kiln. An alumina- lined e l bow was 
used t o t r ansfe r the heated pellets to 
the sulfa t ion reactor . The shaft·- type 
r eac tor shown in figure 8 contained a 
4- in- ID by 63-in- high vertical si licon 
carbide tube heated by two 2- ft - long 
electric elements" Thermocouples were 
spaced every 12 in along the outside wall 
of the reactor, with a thermocouple in 
the center of each section to control 
tempei::atures automat i. c a lly " Metered 
flows of S02 and air entered the moving 
pellet bed below the heated section of 
the reactor. The reactor tube was sur-
rounded by alumina blanket insulation 
contained within a shell. The sulfated 
product was discharged from the reactor 
by means of a screw-type apparatus . The 
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FIGURE 8. - Continuous slag sulfation reactor. 
two valves in series so that the sulfated 
slag pellets could be removed for weigh-
ing and sampling without discharging S02 
into the laboratory atmosphere. More-
over, the sulfation reactor was operated 
slightly below atmospheric pressure (5-'in 
water column in a manometer) to mini-
mize escape of S02 into the laboratory. 
Figure 9 shows the sulfation reactor and 
leaching sections of the pilot plant. 
The leaching section of the pilot plant 
consisted of two 50-gal plastic tanks 
equipped with mechanical stirrers for 
water-leaching the soluble impurities 
from the ground, sulfated slag. A COfr 
tinuous bowl centrifuge (not shown in 
18 
FI GU RE 9. - Pilo t plant used to sulfation-I each t itanium slag . 
figure 9 ) wa s emp loyed t o se par a t e t h e 
leached solids from the liquor. 
Pretreatment of Slag 
Slag pretreatment consisted of pel-· 
letizing the ground material, drying the 
pellets, and oxidizing the dried pel-
lets in a rotary kiln, The slag feed was 
pelletized in order to maintain a moving 
'bed within the shaft--type furnace" Pre-
vious bench···scale tests showed that pow-
dered slag charges sinte r ed and formed 
solid compacts when sulfated. Accord-
ingly, batches of 35-mesh ground slag 
blended with 2 wt pc t bent oni t e clay and 
water were extruded in a laboratory pel-
let mill to form 3/B-in-diam by 5/B-'in-
long cylindrical pellets. The pellets 
were dried in an oven at 150° C for at 
least 24 h before sulfation. The dried 
pellets were screened to remove the minus 
35-mesh fines before charging the mate-
rial into the kiln. The slag fines 
caused sticking and agglomeration of the 
pellets in the moving bed and eventual 
plugging of the reactor. 
Slag oxidation was found necessary to 
minimize the temperature buildup of pel-
lets undergoing subsequent sulfation in 
the moving bed. The dried pellets were 
fed into the rotary kiln and oxidized 
with an 02 flow equivalent to 0.23 ft 3 / 
min for each 0.17 lb of slag. The fol-
lowing oxidation reactions were assumed 
to occur in the kiln: 
C + 02 + CO 2 , ( C) 
and (E) 
Approximat:ely 40 pct of the t o t al hea t 
of reaction generated by the oxidation 
and sulfation of slag pellets is derived 
from the oxidation of C, FeO , and Ti 20 3 
constituents. 
Sulfation of Slag 
Because material and time constraints 
prevented the use of a ful l factorial 
test design, only a limited number of 
tests using a two - level, three- variable, 
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par t ial f actorial design (1 7 ) were made 
to obtain the best poss i ble cond i t i ons 
for sulfating the slag . Thi s test des i gn 
was based on a simple cube whose edges 
were defined by the operating ranges of 
the three independen t var i ables . The re-
gion then was invest i gat ed by obtaining 
data at values r eprese nt i ng the centroid 
and the corners of the cube (17) . 
The following ranges of oper at i ng con-
ditions were investigated to continu-
ously sulfate slag in pilot p l ant tests: 
slag feedrates of 10 , 15 , o r 20 lb/h ; S02 
quan t ities of 150 , 200 , and 250 pc t o f 
stoi chiometric amounts required to selec-
tively sul fate t he CaO , MgO , MnO , and 
Na20 constituents in slag ; and reactor 
operating temperatures of 750°, BOO°, and 
B50° Cn 
A typical sulfation tes t lasted 7 to 
9 h and was conducted as follows: The 
sulfation reactor was charged wi th ap-
proximately 70 Ib of pellets during pre-
heating of the apparatus to a predeter-
mined operating temperatu r e . A moving 
bed was established by starting the slag 
feeder and prod cut discharge units . Bed 
height wa s kept constant and was moni -
tored closely by visual observations made 
through a sight glass mounted in the e l -
bow section between the rotary kiln and 
the reactor . After the apparatus was 
preheated for about 1 h , metered flows of 
S02 and air were introduced into the re-
actor. The reactant-gas rat i o used in 
the sulfation reactor consisted of 1 part 
S02 for each 0.5 part 02 by volume, Res-
idence times of the pellets at the 10-
and 20-lb/h elag feedrates were 3.7 and 
1.B h, respectively. 
Samples of the sulfated product stream 
were taken every 1/2 h for chemical anal-
yses , especially fo r sulfur con t ent and 
for bench-scale leaching t o determine the 
percentage of impurities solubilized. 
The residual impurity levels in the 
leached samples were used to determine 
the effectiveness of sulfation. 
Leaching of Sulfated Slag 
The stream samples of sulfated pellets 
taken periodically during the pilot tests 
were ground and leached separately to de-
termlne the effects of 8ulfation condi -
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tions on the ease of removal of soluble 
impurities. In addition, a 100-lb com-
posited sample of sulfated pellets from 
the four tests made at a 10-lb/h slag 
feedrate was leached in larger scale 
equipment to obtain sufficient product 
for evaluation in a laboratory fluidized-
bed chlorinator. 
Bench Scale 
Previous tests established that the 
sulfated pellets could be leached either 
in water alone or in dilute HCl solution 
at ambient temperatures to remove the 
soluble impurities. Data indicated that 
the solubilities of CaS04 in water and 
in 1-wt-pct-HCl solution were 2 giL and 
about 7 giL, respectively. 
The stream samples were leached in 
1-wt-pct-HCl solution to obtain stable 
samples of leach liquor for chemical 
analyses. Liquor from water leaching ex-
hibited a tendency to form precipitates 
before being analyzed owing to hydrolysis 
reactions. It was necessary to acidify 
the liquor samples of water leaching to 
prevent precipitates from forming. Ac-
cordingly, the stream samples were ground 
and 5-g portions of this material were 
leached using 10 parts HCl solution for 
each part slag in stirred slurries at am-
bient temperature for 1 h. The slurries 
were filtered and the solids repulped 
with HCl solution for 5 min. After fil-
tering, the solids were dried and chemi-
cally analyzed for impurity contents. 
Large Scale 
A 100-lb sample of composited slag pel-
lets was ground to pass through a minus 
35-mesh screen to prepare fine material 
for leaching. The ground material was 
leached in water in 50-gal plastic tanks 
using 10 parts water for each part slag 
by weight. Water, rather than HCl solu-
tion, was used to avoid handling of cor-
rosive solutions in the available equip-
ment. The mechanically stirred slurries 
were leached for 1 h before transfer to a 
horizontal-bowl, continuous centrifuge 
where the solids were separated from the 
liquor. The solids were repulped with 
fresh water, and the slurries were pumped 
through the centrifuge to separate the 
wash water . In actual i ndust r ial prac -
tice, the leach slurry probably would be 
pumped to a rotary vacuum-drum filter to 
separate and ' wash the solids. With such 
a rotary filter, the liquor-to-solids ra-
tio used in the leaching step could be 
decreased from 10:1 to 5:1. The large 
batch of leached slag was dried in an 
oven at 1500 C and sampled for chemical 
and X-ray d i ffract i on analyses. 
The liquor from the large-scale leach 
of sulfated pellets exhibited a pH of 
3.5. To analyze the elements in the dis -
solved solids, a sample of liquor was 
evaporated to dryness. Spectrographic 
data indicated that the solids consisted 
of >1 to 100 pct each of Ca, Mg, and 
Na; >0.1 to 1 pct each of Fe, Mn, and 
Al; >0.01 to 0.1 pct each of Ti and Zr; 
>0.001 to 0.01 pct Ni; and 0.0001 to 
0.001 pct Cu. The liquor was neutralized 
with ground limestone and the resultant 
slurry was filtered to separate the pre-
cipitate, which consisted mainly of CaS04 
with small amounts of Fe, Mn, AI, Si, Ti, 
and Zr. 
Re~ults and Discussion 
The two major titanium-bearing phases, 
sodium titanate (NaO.23Ti02) and a pseu-
dobrookite-type structure, were essen-
tially converted to rutile in the sul-
fated stream samples. X-ray diffraction 
and SEM data indicated that the sulfated 
pellets contained rutile as a pri-
mary phase (40 to 100 pct), with pseudo-
brookite-type structure and CaS04·3MgS04 
as minor phases (5 to 30 pct) and anatase 
as a barely detectable phase «1 pct). 
In addition, a noncrystalline, silicate-
type glass phase containing Al, Si, Fe, 
Mg, Mn, Ti, Na, and S was present. 
Neither Mg or Mn was found in the rutile 
phase. Sulfur scans made of mounted 
specimens of sulfated pellets revealed 
that only trace amounts of S were in the 
pseudo brookite-type phase containing Mg 
and Mn constituents. Apparently these 
constituents did not respond to sulfation 
when in the pseudo brookite-type struc-
ture. For this reason, maximum conver-
sion of the above structure to rutile is 
desired to 3chieve effective formation of 
soluble Mg and Mn compounds. 
Table 10 shows the impurity contents of 
leached stream samples sulfated in the 
range of the three selected variables. 
The data indicate that the leached slags 
sulfated at the rate of 10 lb/h contained 
the lowest level of harmful impurities. 
The total impurity levels of the leached 
samples increased from 1.8 to 3.2 wt pct 
as the slag feedrate increased from 10 
to 20 Ib/h. All the leached samples con-
tained less than 0.2 wt pct CaO. The 
higher MgO levels of 1.5 to 2.8 wt pct 
indicate Mg was more difficult to remove 
than CaO. The effects of sulfation con-
ditions on the MgO levels in the leached 
samplec can be seen rapidly in the cube 
diagram of figure 10. 
The chemical composition of the large 
batch of leached slag is shown in table 
11. The leached product contained 1.3 
wt pct MgO, which is slightly lower than 
an average of 1.6 wt pct MgO contained in 
the stream samples of leached slag at the 
10-lb/h feedrate in table 10. The small 
difference in MgO content is believed to 
be due to the larger scale of leaching 
used. 
The sulfation- Ieached slag containing 
85.5 wt pct Ti0 2 , with 0.07 wt pct CaO, 
1.3 wt pct MgO, and 0.2 wt pct MnO, was 
comparable to the industrially produced 
Richards Bay slag, which contained 85.5 










FIGURE 10. - MgO level in leached slag sam-
ples as a function of sulfation conditi0ns. 
wt pct MgO, and 1.4 wt pct MnO impuri-
ties. As mentioned previously, Richards 
Bay slag is reported to be suitable chlo-
rination feedstock. 
X-ray data indicated that the large 
batch of leached slag contained rutile as 
a primary phase (40 to 100 pct), ana-
tase as a minor phase (5 to 30 pct), and 
pseudo brookite-type structure and cris-
tobalite as barely detectable phases 
«1 pct). 
TABLE 10. - Effect of sulfation conditions on pertinent impurity 
levels in leached slag samples 1 
Sulfation conditions Impurity level in sulfation-
Slag feed, S02, pct of Reactor preheat leached slag samples. wt ~ct 2 
lb/h stoichiometric3 temp, °c CaO MgO MnO Total 
10 150 750 0.07 1. 57 0.18 1.82 
10 250 750 .07 1.53 .18 1.78 
10 150 850 .07 1.58 .17 1. 82 
10 250 850 .13 1.72 .19 2.04 
15 200 800 .09 2.08 .25 2.42 
20 150 750 .10 2.37 .29 2.76 
20 250 750 .07 2.33 .30 2.70 
20 150 850 .07 2.81 .35 3.23 
20 250 850 .07 2.54 .30 2.91 
1 -50 g stream samples of the sulfated pellets from each test were water-
leached in beakers, and the resultant slurries filtered. 
2Impurity levels in untreated slag feed were, in wt pct, 0.84 CaO, 5.5 
MgO, 0.66 MnO, and 7.0 total. 
3802 stoichiometry is based on sulfation of the CaO, MgO, MnO, and Na20 
constituents in the slag. 
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TABLE 11 . - Compos ition of s u l f a tion-
lea ched ti t anium s l ag from pilot 
plant tes t s 1 
Constituent wt pct 
Ti0 2 • •• •.•.•• •••• .•••••• .• . ••• •.• 85 . 5 
CaO . • • •••. .• . ••• •• • ••. •. ••• ••••• • . 07 
MgO ••••••••••••••••• • •••••••••••• 1. 3 
MnO . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • . 2 
A1 2 0 3 •••••••••••••••••••••••••••• 3. 4 
Si0 2 ....•....••.....•..•....•••.. 4 . 6 
Fe203 -. .......................... 4 . 3 
S • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • . 26 
Na20 . ......... . .................. . 2 
lComposit e d slag derived f r om 4 tests 
made at the 10-lb/h feedrate of slag; the 
slag containe d 5 . 6 wt pct S befor e leach-
i ng . A 100- lb batch of the sla g wa s 
water- leached in larger t anks, and the 
re sultant slurries wer e pumped tQ a 
continuous centrifuge t o separate the 
leached slag from the liquor . 
The results obtained with the shaft- , 
type reactor , in which the pellets flowed 
downward by means of gravity, are quite 
encouragi ng since this was the i n i -
tial attemp t t o cont inuously s ulfate slag 
i n l arger scale equipment . In previous 
bench tests, the slag pellets were sul-
fated in a stat i c-bed reactor without any 
indications of temperature increase due 
t o exothermic reactions . In the pilot 
reactor, control of reaction temperatures 
in the moving pe l let bed was not satis-
factory at times . The maximum tempera-
ture in the bed sometimes exceeded the 
tempers,ture set by the instruments con-
trolling the reaction zone heaters by 
more than 1000 C. Ex cessive bed tempera-
tures would influence the thermal stabil-
ity of MgS04, as well as cause pore 
closure within the individual pellets. 
Thus, the reactant gases, S02 and air, 
would be unable to diffuse into the slag 
pellets . 
Further scale-up of the sulfation tech-
nique to an industrial-sized operation 
would require significant changes in 
equipment design and operating proce-
dures. A vertical- shaft- type furnace 
with a silicon carbi de lining and an 
a ir-cooled shell wou ld h e l p r e duce the 
p r oblems with temperatur e control in the 
movi ng-pellet bed . Use of reactant gas 
mi xtures with lower S02 concentrations 
would decrease the sulfation rate, there-
by reducing the generation of heat . 
Another sl1,ggested change is to add the 
reactant gases at various locations in 
the bed rather than at the bottom of the 
bed, as pract i ced in the pilot sulfat ion 
reactor. This change would increase the 
size of t he reacti on zone in the movi ng 
bed, whe re most of the slag sulfation 
occur s . 
CHLORINATION OF SULFATI ON-LEACHED SLAG 
Samples of the sulfation- leached tita-
nium slag shown in tabl e 11 wel:e found 
amendable ~o continuous chlorination in a 
laboratory fluidized-bed reactor used to 
produce TiC1 4 • In 5-h tests, no evidence 
of loss of fluidization caused by liquid 
metal chloride impurities agglomerating 
the slag and coke particles in the be4 
was noted . However, extended periods of 
operation are required to assure the 
suit-ab ility of t he sla-g as chlorination 
feedstock. 
The fluidized-bed tests were performed 
in a 2-in-diam, 42-in-high quartz tube 
reactor. The experimental procedure en-
tailed continuously feeding titanium slag 
into the top of the bed and introducing 
chlorine in the bottom o Approximately 
400 g of minus 65-mesh petroleum coke 
was charged prior to feeding slag into 
the reactor. The fluidized bed of coke 
was heated to a reaction temperature of 
950 0 C , as measured by a thermocouple in-
ser t ed inside the reactor. The slag was 
fed at a rate averaging 5 g/min by means 
of a variable-speed screw feeder o Argon 
at a rate of 3.2 L/mln was fed with the 
slag to prevent metal chloride vapors 
from entering and condensing in the slag 
feed line. Chlorine flow averaged 3.2 
L/min. The TiCl 4 product was collected 
in two water-'cooled condensers located 
downstream from the reactor. In these 
tests, total conversion of Ti02 in tita-




Results of bench-scale tests show the 
sulfation-leaching method effectively 
treats titanium slags made from a low-
grade ilmenite concentrate. Efficient 
conversion of the harmful CaO, MgO, and 
MnO impurities in slag by S02-02 mixtures 
to leachable compounds is dependent on 
FeO content of slag, use of a sulfation 
promoter, temperature, and time. Slags 
that contained 5.96 wt pct or less FeO 
responded the best to sulfation at tem-
peratures of 8000 C and above in the 
presence of Na2S04 promoter. At 900 0 C, 
reaction times of less than 15 min a~e 
sufficient to convert the Ca and Na com-
pounds to soluble form, while 2 h is re·" 
qui red for Mn. Magnesium proved to be 
the most difficult of the impurities to 
sulfate in slag. 
Leaching studies show that the soluble 
compounds were readily removed from sul-
fated slag leached in water alone or di-
lute hydrochloric acid solutions at ambi·· 
ent temperatures for at least 30 min. 
More than 90 p c t of t he undesi r able im-
purities, including the additive used as 
a sulfation promoter, were removed from 
the leached slags to yield products of 
suitable grade for chlorination purposes. 
In pilot plant tests, response of pel-
letized slag to sulfation by S02-air mix-
tures in a shaft furnace depended on re-
actor residence time. Oxidation of the 
slag in an adjacent rotary kiln before 
sulfation helped reduce the heat buildup 
in the moving pellet bed, but further im-
provements in operating procedures are 
needed. Following sulfation, the s ul-
fated Ca, Mg, and Mn impurities were 
readily leached from ground slag in 
water. 
A leached slag product that contained 
85.5 wt pct Ti0 2 with troublesome impur-
ity levels reduced to 1.86 wt pct was 
obtained. The slag upgraded in the pilot 
plant investigation was essentially equal 
in grade to the Richards Bay slag made 
commercially from ilmenite sand concen-
trate in the Republic of South Africa. 
Tests made in a laboratory fluidized-bed 
chlorinator demonstrated that the sul-
fation-leached slag was amenable to con-
tinuous chlorination without the harmful 
l iquid meta l chlor ide impuri ties deflu-
idizing the bed. 
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